Abstract. The aim of the present study was to evaluate the diagnostic value of ultrasound (US) elastography in differentiating between benign and malignant peripheral lung lesions (PLLs). This retrospective study included 91 consecutive patients with 91 PLLs. Conventional US, strain elastography (SE), acoustic radiation force impulse imaging (ARFIimaging) and point share wave elastography (p-SWE) were performed. All of the pathological results were confirmed by US-guided biopsies or surgeries. There were 36 benign PLLs and 55 malignant PLLs on pathology. For conventional US, a lesion diameter ≥5 cm, irregular contour, presence of air bronchogram and non-abundant vascularity were predictive factors of malignancy (P<0.05). SE scores were observed to be invalid in differentiating between malignant and benign PLLs (P=0.542). For ARFIimaging scores, an elasticity score of 3 or greater was predictive of malignancy, with a sensitivity of 83.6% (46/55) and a specificity of 52.8% (19/36). For p-SWE, the share wave velocity of malignant PLLs was higher than benign ones (2.47±0.92 vs. 1.85±0.92 m/sec; P=0.0022). When 1.951 m/sec was selected as the cut-off value, a sensitivity of 70.9% (39/55) and a specificity of 69.4% (25/36) were obtained. Thus, US, particularly US elastography, is helpful in distinguishing malignant PLLs from benign PLLs.
Introduction
In recent years, lung cancer has become one of the most common malignant tumors threatening human health (1), and its incidence rate has been on the rise (2, 3) . Therefore, it is imperative to know how to accurately distinguish malignant lung lesions (MLLs) from benign lung lesions (BLLs).
Young women, pregnant women, and critically ill patients cannot tolerate chest X-rays and computed tomography (CT) because of radiation, although they are first-line imaging modalities for assessing the morphological features of pulmonary lesions (PLs) (4) (5) (6) . When a PLL is present and space-occupied, the acoustic windows of the lung tissue are available, which makes the ultrasonic wave pass. Hence, after selecting the appropriate detection angles for PLLs below the pleura, optimal images can be obtained during transthoracic ultrasound (TUS) examination (7, 8) . The advantages of US compared to X-ray or CT are its easy operation, lower cost, and lack of exposure to radiation. In addition, US-guided biopsy is as accurate as CT-guided biopsy for the diagnosis of PLLs or pleural lesions. Real-time guidance can be performed using US, making the procedure faster and free of ionizing radiation (9) .
In recent years, US elastography has been widely applied to the differential diagnosis of thyroid, breast, liver, and prostate lesions (10) (11) (12) (13) . It can reflect the intrinsic features of the lesions. The tissue stiffness of malignant lesions is usually harder than those that are benign (14, 15) . US elastography is mainly categorized as strain elastography (SE) and shear wave elastography (SWE), in which the information about the tissue stiffness can be obtained by pressure or shear force that deforms the tissue directly or indirectly (16) . The tissue stiffness obtained by manual compression can be affected by different operators, leading to inter-observer differences. However, acoustic radiation force impulse (ARFI) elastography that includes an ARFI imaging mode and a point share wave elastography (p-SWE) mode can conduct qualitative or quantitative measurement objectively by assessing the elastogram in grayscale or the shear wave velocity (SWV) value of the lesions (17).
Sperandeo et al (18) reported that lung SE enables good non-invasive imaging of PLs, as it provides information on their stiffness and improves the accuracy and yield of fine needle aspiration biopsy (FNAB). But there are few reports about the usefulness of ARFI elastography in diagnosing PLLs. As such, this study purported to assess the value of TUS elastography in distinguishing malignant from benign PLLs.
Materials and methods
Study population. This retrospective study was approved by the Ethics Committee of this tertiary hospital (the Second Affiliated Hospital of Harbin Medical University, Harbin, China) and the written informed consent of patients was obtained. From January 2013 to January 2015, 201 consecutive patients with PLLs found by chest X-ray or CT examination were enrolled in this institution (the Second Affiliated Hospital of Harbin Medical University). The exclusion criteria were as follows: i) Trouble breathing (n=20); ii) the lesions were covered by bone tissue (n=15); iii) no pathological result (n=42); and iv) accompanied with pleural effusion (n=33). If there were multiple lesions, the largest was incorporated into the study. Finally, conventional US and elastography examinations (including SE and ARFI elastography) were performed on the remaining 91 patients. The final pathological results were obtained by surgery or biopsy.
Conventional US, SE, A RFIimaging, and p-SWE.
Conventional US and US elastography examinations were performed by a radiologist with at least 10 years of experience (H.W.) in ultrasonic examination with the US machine (Siemens Acuson S2000; Siemens Medical Solutions, Eschborn, Germany) and the 4C1 convex vibration probe (frequency range, 1.5-4.0 MHz). The focus and gain of images were adjusted to obtain optimal images. The probe was held perpendicularly to the skin surface on the intercostal space and parallel to the ribs throughout the examinational process. Using a 2-dimensional US, the PL was assessed for its size, position within the lobe, shape, margin, internal echogenicity, echotexture, and presence of air bronchogram. Then the color Doppler US mode was applied and the gain was adjusted to the optimal level so background color signals did not display any noise throughout the process. Afterwards, SE was applied with mild manual compression. The region of interest (ROI) box was aimed at the whole lesion and some peripheral normal tissues. The radiologist kept the probe motionless for 5 sec to obtain optimal elastic images. The US image was on the left side of the screen while the SE image was on the right side and color-coded. ARFI imaging was performed after SE. The ROI box was placed in the same position as SE. The ARFI image was on the right side of the screen and gray-coded. After that, the p-SWE mode was initiated. A 6x5 mm ROI box was placed at the solid portion without air covering the lesion. The SWV value was displayed on the right side of the screen. Seven consecutive measurements were performed at the same depth of each lesion. Finally, the average value was obtained after removing the maximum and minimum values.
US-guided core needle biopsy. Before US-guided core needle biopsy (US-CNB), all patients signed the informed consent forms. The procedure was performed by 2 experienced radiologists (Q.J. and H.W.) using a US machine (Philips iU22; Philips Ultrasound, Inc., Reedsville, PA, USA), a Bard automatic biopsy gun, and a biopsy needle (16 G; Bard Peripheral Vascular, Inc., Tempe, AZ, USA). Tissue samples were taken under the guidance of US. Biopsy was repeated 3-4 times according to the specimen quality. Afterward, pathological diagnosis was performed by 1 pathologist with 20 years' work experience who was blinded to previous US findings.
Image interpretation. The images were interpreted by 2 investigators (H.W. and Y.L.) who were blinded to the pathological results. The size of the lesions was defined by the longest diameter measured on US, with <5 cm and ≥5 cm. The shape of the lesions was defined as having regular contours (triangular or rounded) and irregular contours (non-triangular or non-rounded). The margin was defined as smooth (at least 50% of the lesion was visible) and rough (at least 50% of the lesion was invisible). The internal echogenicity of the lesions was defined as homogeneous hyperechoic/isoechoic/hypoechoic/anechoic or heterogeneous hyperechoic/isoechoic/hypoechoic/anechoic. The lesions were grouped as with or without air bronchogram (punctiform or linear hyperechoic artifacts within the lesions) (19) . The vascularity of the lesions was classified into abundant (≥2 blood vessel signals) and non-abundant (<2 blood vessel signals). As current international recommendations do not yet provide a specific way to classify the stiffness of PLL, we customized the classifications. SE imaging was described by the color scale of the ROI, with red, green, and blue delineating from soft to hard, and SE was classified into 4 grades. ARFI imaging was classified into 4 grades from soft to hard according to the grayscale (Table I) .
Hematoxylin and eosin (H&E) staining. Lung tissues were fixed in formalin, cleared in xylene (both from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and embedded in paraffin. The paraffin-embedded lung tissue samples were examined by conventional light microscopic examination: 5 µm sections were stained with H&E, and assessed in a blinded manner. An automatic microscope (Provis AX-70) with a camera (Olympus Corporation, Tokyo, Japan) was used to capture the microscopic images of the lung samples. The morphometric analysis was performed using ImageJ software version 1.60 (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. All statistical analyses were carried out using SAS 9.13 statistical software (SAS Institute Inc., Shanghai, China). The geometric mean and standard deviation were used to describe measurement data and compared between groups using Student's t-test. Frequency and percentage were used to describe counting data and compared between groups using the Chi-square test or Fisher's exact test. A receiver operating characteristic (ROC) curve was created to analyze the accuracy of each variable. P<0.05 was considered statistically significant.
Results
This study involved 50 males and 41 females, with an average age of 55.11±11.11 years (range, 24-86 years). The mean diameters of the BLLs and MLLs were 58.17±20.18 and 72.05±24.27 mm, respectively (range, 20.1-141.4 mm). The pathological results were confirmed by US-CNB procedures in 80 patients and by surgery in 11 patients. There were 36 benign lesions (32 chronic inflammatory lesions, 4 tuberculosis) and 55 malignant lesions (33 adenocarcinomas, 21 squamous cell carcinomas (Fig. 1) , and 1 small cell lung cancer). Female sex (P=0.009) and older age (P=0.002) were predictive of malignancy. The location of the lesions and smoking history were not relevant factors in this study (P>0.05; Table II) .
Conventional US features.
On conventional US, characteristics such as a lesion diameter ≥5 cm, irregular contours, presence of air bronchogram, and non-abundant vascularity showed significant differences between benign and malignant lesions (P<0.05; Table III ). In addition, using 5 cm as a cut-off value for the lesion diameter led to a sensitivity of 87.3% and a specificity of 38.9%. The margin and echogenicity of lesions presented no significant differences (P>0.05). (Table IV) , no significant difference was found in SE between BLLs and MLLs (P= 0.542). But significant differences were found in ARFI imaging and p-SWE between BLLs and MLLs (P<0.05). On ARFI imaging scores, the lesions with 1-2 and 3-4 were classified as benign and malignant, respectively, and corresponding sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were 83.6% (46/55), 52.8% (19/36), 73.0% (46/63), and 67.9% (19/28), respectively. Using this classification method, 9 false negative lesions and 17 false positive lesions were found. The SWV values of the MLLs were higher than those of the BLLs (2.47±0.92 vs. 1.85±0.92 m/sec; P=0.0022). According to the ROC curve, the area under the curve (AUC) of p-SWE was 0.709. With a cut-off value of 1.951 m/sec, the sensitivity and the specificity for diagnosis of malignancy were 70.9% (39/55) and 69.4% (25/36), respectively, with a PPV of 78.0% (39/50) and an NPV of 61.0% (25/41) attached.
US elastography features. For elastography features

Discussion
US is not a familiar tool for thoracic radiologists due to its infrequent use. However, it still offers several advantages to both the radiologists and patients. Some studies have showed that US guidance is as accurate as CT guidance in obtaining adequate samples from PLLs (19, 20) . This initial study demonstrated that the diagnostic information of PLLs may be provided by ARFI elastography in addition to radioactive techniques or invasive procedures, while SE was not significant for diagnosis. Conventional US was capable of detecting lung lesions only when they were located in the peripheral regions of the organ. As there was no typical neoplastic pattern on US, needle biopsy of these lesions was mandatory (21). Sheth et al (22) reported that small PLs appeared hypoechoic and larger PLs were more heterogeneous. However, some studies (23, 24) showed that wedge shape, isoechoic or hypoechoic, and air bronchograms might appear on peripheral pulmonary consolidations. In our study, we found that a lesion diameter greater than or equal to 5 cm, irregular contour, presence of air bronchogram, and non-abundant vascularity were predictive factors of malignant PLLs, whereas the margin and echogenicity of lesions were not. An explanation may be that overlapping US characteristics between malignant and benign lesions existed due to the various types of PLL pathologies. In addition, the sensitivity and specificity of US characteristics varied considerably, 30.9-87.3% and 16.7-55.6%, respectively, and the results were not satisfactory. Therefore, additional methods should be adopted to diagnose PLLs.
SE was introduced to assess the tissue stiffness by hand or using cardiovascular pulsation or respiratory motion to achieve compression. However, some studies revealed that it was difficult for radiologists to control the pressure using manual compression in SE examination, thus leading to considerably low reproducibility (25, 26) . In our study, we also found the same problem due to the limitation of cardiovascular pulsation or respiratory motion, which made the compression inconsistent. Furthermore, no significant differences on SE were found between BLLs and MLLs. In the study by Sperandeo et al (21) , which performed TUS elastography on 95 patients with PLs, only squamous cell lung carcinoma displayed increased stiffness. In their study, TUS elastography was limited in characterizing lesions, which was similar to our result. Additionally, 1 lesion with a score of 2 proved to be adenocarcinoma; a possible pathological explanation might be that the cells contained many acini and had intracellular mucus.
To the best of our knowledge, this research was the first preliminary study to detect the diagnostic performance of ARFI imaging and p-SWE in PLLs. ARFI elastography was more effective in diagnosing PLLs, with the advantages of free-hand compression and semiquantitative or quantitative measurements. In our study, the ARFI score of the malignant PLLs was higher than that of the benign ones (P=0.011), indicating higher stiffness. When score 3 was applied as cut-off value, the corresponding sensitivity was 83.6% (46/55), which was higher than chest radiography (73.5%) (27) . Thus, a malignant lesion may be suggested before surgery on the condition that it obtained a score of 3 or more on ARFI imaging. Under such circumstances, we found that tuberculosis (a total of 4 cases) had a score of 3 and 1 chronic inflammation had a score of 4 on ARFI imaging. This phenomenon might be explained by the formation of lung fibrous band structures in tuberculosis and the proliferation of fibrosis in chronic inflammation, which might increase the tissue stiffness (Fig. 2) . However, our study was limited by a small sample size; there is a need for a separate study with more tuberculosis and chronic pneumonia patients for further analysis.
Compared to SE, p-SWE was applied to evaluate the tissue stiffness by generating shear wave, with the advantages of a smaller subjective influence of the operator, independent elastic image quality, and quantitative measurement. In our study, the mean SWV values of the malignant lesions were higher than those of the benign lesions (2.47±0.92 vs. 1.85±0.92 m/sec; P=0.002). With a cut-off value of 1.951 m/sec, the sensitivity, specificity, PPV, and NPV for diagnosing MLLs were 70.91, 69.44, 78.00, and 60.98%, respectively. It was observed that p-SWE was more effective than SE in distinguishing malignant from benign lesions. Although the sensitivity of p-SWE was not as good as low-dose CT, their specificity was similar (73.4%). Furthermore, the specificity of p-SWE was not as good as that of chest radiography, but the sensitivity was similar (27) . s P-SWE has provided a new method for evaluating the hardness of PLLs. However, false positives and false negatives also existed in p-SWE examination. Among the benign lesions, 1 chronic inflammatory lesion had a mean SWV of 4.344 m/sec, which may indicate the existence of fibrosis in the lesion. In addition, 1 small cell lung cancer had a mean SWV of 1.202 m/sec and an ARFI imaging score of 2, which might be explained by the complex heterogeneity of tumor cells (28) .
There were some limitations in this study. First, the selection bias was unavoidable due to its retrospective nature. Second, the inter-observer and intra-observer agreements were not analyzed, although some studies have shown that ARFI elastography has good reproducibility in multiple organs of the body (29, 30) . Third, considering the small sample size of our study, prospective research on a large sample is necessary.
In conclusion, our study indicated that US, especially ultrasound elastography, is able to provide doctors with identification methods of PLLs. 
